Abstract A three-year consortium project, with members
Introduction
In recognition of the importance of location calibration of sparse global seismic networks, such as the International Monitoring System network, a consortium was formed in 2000 to improve locations and reduce uncertainties in the Middle East, North Africa, Europe, and Western Eurasia. The consortium (named the Group 2 Consortium) included scientists from both academia and industry. The Group 2 Consortium was led by Science Applications International Corp. (SAIC), with University of Colorado at Boulder (CUB), Harvard University, Multimax Inc., Geophysical Institute of Israel (GII), Western Services, Russia, and University of California at San Diego as consortium members.
The Group 2 Consortium followed a model-based approach to generate path-dependent travel-time correction surfaces relative to the IASPEI (Kennett and Engdahl, 1991) travel-time tables. Part of the Consortium effort constituted the development of a global upper mantle model by CUB Ritzwoller, 2002, 2004 ) and a global whole mantle model by Harvard University (Antolik et al., 2003) .
Both models incorporate the global CRUST2.0 model (Bassin et al., 2000) of the Earth's crust. The CUB model was used to calculate travel-time corrections for regional phases (Pn, Sn) while the Harvard J362 model was employed to generate correction surfaces for teleseismic P in the distance range between 25 and 97Њ.
It was recognized early that in order to test and validate models and corrections, a high-quality ground truth data set is needed. Ground truth ideally represents events with exactly known location, depth, and origin time. However, there are only a handful of events that would satisfy these requirements and be large enough to be recorded at regional distances. Ground truth (GT) information in this context is therefore defined as epicenters with known accuracy. We adopted the "GTX" classification of Bondár et al. (2001) , which indicates that the true epicenter lies within "X" km of the estimated epicenter at high confidence level. Since the expected improvements due to location calibration are in the order of 10 km, we aimed for GT0-5 events. Furthermore, as for nuclear monitoring purposes deep events are of less interest, we concentrated on collecting shallow-depth (crustal) ground truth events.
The consortium put special emphasis on establishing selection criteria to identify candidate GT5 events at high confidence level by searching earthquake bulletins. Arrival data from various bulletins were merged to create a comprehensive bulletin for every event in the reference event data set. We relied greatly on data extracted from the bulletins of the International Seismological Centre (ISC; www.isc.ac.uk), the National Earthquake Information Center (NEIC; http://wwwneic.cr.usgs.gov), the Prototype International Data Center (PIDC; www.cmr.gov), and the EuropeanMediterranean Seismological Centre (EMSC; www.emsccsem.org), as well as the groomed ISC data set (EHB; Engdahl et al., 1998) . The EHB was also used to identify candidate GT5 events. We have also shared location and arrival data of reference events with the two other consortia (Armbruster et al., 2002; Murphy et al., 2002) formed for the location calibration of Eastern Asia.
During the consortium project, nearly half of the resources were devoted to the reference event collection effort. The task proved to be more difficult than initially anticipated. The motivation of this article is to document this effort; discuss the methodologies we developed to identify, vet, and validate candidate GT events; and present the final products. A related paper by Yang et al. (2004) discusses the validation of the CUB and Harvard model travel-time predictions by the relocation of the reference events presented here.
Methodologies and Criteria for Assigning GTX Selection Criteria to Identify GT5 Candidates
Since location uncertainties cited in earthquake bulletins are in reality only measures of precision that are often unrealistic, researchers in the location calibration community set out to establish criteria to identify candidate events at various GT levels without relying on reported nominal errors. Most of these criteria exploit parameters readily available or easily extracted from earthquake bulletins, and attempt to describe favorable network geometries using the number of stations, primary and secondary azimuthal gaps (e.g., Sweeney, 1998; Dewey and Kork, 2000; Myers and Schultz, 2000a) . The Group 2 Consortium helped develop selection criteria for GT5 candidate events (McLaughlin et al., , 2002 . A detailed overview of the development of GT selection criteria is given in Bondár et al. (2004) .
Other approaches include the analysis of satellite imagery (Gupta and Pabian, 1996; Gupta and Rich, 1996; Albright et al., 1998; Barker et al., 1999; Richards, 2000; Bhattacharyya et al., 2002; Fisk, 2002; Skov et al., 2002) to obtain accurate locations for underground nuclear explosions. Analysis of Interferometric Satellite Radar (InSAR) images is a promising technique to obtain well-defined locations for large, shallow earthquakes (e.g., Saikia et al., 2001 Saikia et al., , 2002 . For instance, InSAR analysis (Martínez-Díaz et al., 2002) of the February 1999 Murcia, Spain, earthquake sequence confirmed the GT5 locations identified in the Instituto Geografico Nacional (IGN) bulletin. While InSAR has great promise for generating future GT events, our unsuccessful InSAR analysis of three earthquakes in Algeria taught us that InSAR coverage is still sparse and moderatesized events must be shallow to form unambiguous InSAR signatures.
We applied the local network selection criteria developed by Bondár et al. (2004) on the bulletins to identify candidate GT5 events. The selection criteria require that an event be located by a local velocity model with at least 10 stations, all within 250 km, with an azimuthal gap less than 110Њ and a secondary azimuthal gap less than 160Њ, as well as with at least one station within 30 km of the epicenter. The latter constraint provides confidence for the depth of the event. The criteria identify GT5 events at the 95% confidence level and GT10 events at the 99% confidence level. Each earthquake was required to pass these selection criteria. Because their locations are obtained from independent, nonseismic sources, explosions may not pass the GT5 selection criteria.
Secondary azimuthal gap is defined as the largest azimuthal gap filled by a single station. Figure 1 illustrates the idea of the secondary azimuthal gap for an underground nuclear explosion carried out in Novaya Zemlya on 25 October 1984. Although the primary azimuthal gap of about 90Њ suggests reasonable station coverage, CMAR closes a 135Њ azimuthal gap, thus having the largest influence on the location. A constraint on the secondary azimuthal gap therefore reduces the risk of mislocation due to picking errors at stations with large relative importance in the location process.
Validation of GT5 Candidate Events and Generation of Promoted GT7 Reference Events via Multiple Event Location Techniques
Candidate reference events are validated if multipleevent location of clustered events, using phase arrival times at regional and teleseismic distance ranges can be shown to be consistent with the corresponding local network solutions . Events within a cluster may also be "promoted" to reference event status if the confidence ellipses for those events meet set criteria. Since multiple-event location techniques use more than one arrival along similar paths, these techniques also can be used to identify outliers in the phase arrival times.
To generate promoted reference events from selected GT5 reference events Joint Hypocenter Determination (JHD) analysis (Douglas, 1967; Dewey, 1972) was applied to 11 event clusters located in the Mediterranean and Central Europe. The analysis was based on first arrival-time data retrieved from ISC and NEIC bulletins. Only arrivals recorded at a distance greater than 5 times the event cluster diameter (typically 50 km) and less than 90Њ were used. Most of the CMAR Figure 1 . Illustration of secondary azimuthal gap for the 25 October 1984 underground nuclear explosion in Novaya Zemlya. While the primary azimuthal gap (gray area in the left panel) suggests reasonable station coverage, the secondary azimuthal gap (gray area in the right panel) indicates that CMAR is closing about a 135Њ azimuthal gap, thus having the largest influence on the location.
clusters included events recorded at local and regional distances. The lower distance limit on station data was therefore imposed to avoid violating the JHD assumption that the path correction for a given station and cluster is the same for all events in the cluster. Each event cluster was constrained by one or more reference events (GT5 or better) already in the reference event list. Events inside the cluster located with JHD were accepted as GT7 events if the estimated semimajor axis of the 90% error ellipse was less than 5 km and the distance to the nearest constraining event was less than 5 km. These two criteria for promoted GT7 (or better) reference events were satisfied by 28 events in 4 of the 11 clusters.
The Hypocentroidal Decomposition (HDC) multipleevent relocation method (Jordan and Sverdrup, 1981) was used to validate candidate GT5 events in 26 earthquake and explosion sequences across Eurasia and North Africa. Situations were sought where a number of moderate-sized earthquakes are clustered (within about 50-100 km of each other) and where at least one or more of the events has been very well located by a local network so that they meet the GT5 selection criteria for candidate reference events. The events in the cluster may be widely distributed in time, as long as arrival time data at common stations are available. The clusters typically are 50-100 km across and comprise up to 100 events of magnitude 3.5 or greater that have occurred since 1964 and that are well recorded at regional and teleseismic distances. The cluster is located in an absolute sense, as if all the data were from a single event, using the 1D model ak135 (Kennett et al., 1995) . The HDC analyses produce new locations that are defined by cluster vectors in space and origin time relative to the hypocentroid, which is then located in the traditional manner to yield absolute locations and origin times. Obviously, this process is subject to bias. To remove the bias, we shift the hypocentroid in space and time to provide an optimal match on average to one or more reference events that are included in the cluster. This brings all events in the cluster into close alignment (Ͻ5 km) with the ground truth reference events. In addition, since the absolute locations and times of all the events in the cluster are now estimated with increased accuracy, many of the events in the cluster may now be promoted to reference event status at an appropriate GT level (GT7 or better).
The degree of consistency between the relative locations as determined by global arrival time data and the relative shifted locations specified by the reference event data are two of the tests we use to validate candidate reference events. Shifts in epicenter and origin time (to best match the reference event locations) are typically in the range of 5-15 km and ‫2ע‬ sec, respectively. We validate candidate reference events by requiring that the relative shift patterns (or mislocation vectors) of candidate reference events be consistent with the pattern of the corresponding cluster vectors from the HDC analysis. Discrepancies may be resolved by determining that the cluster vector is biased for some reason, or by rejecting the candidate reference event. For this reason, most clusters contributing to the database for this study are calibrated by several reference events. Reference events that could not be validated at the GT5 level by the HDC method, because the estimated semimajor axis of the 90% error ellipse was greater than 5 km, were classified as GT10 if the estimate was less then 10 km and rejected if greater than 10 km. Engdahl and Bergman (2001) compiled a comprehensive data set of well-located earthquakes and explosions that have been validated by cluster analysis. There are 26 clusters in this data set: 6 explosion clusters, most with source locations known to 2 km or better; 17 earthquake clusters, 12 of which are believed to be accurate to 5 km or better; and the remainder to 10 km or better. For each event, the database contains associated phase-arrival times that were either reported to the ISC or NEIC or contributed by other sources.
Cross-Validation of JHD and HDC Analyses
We compared HDC and JHD results (epicenters and station path corrections) for event clusters near Azgir at the Caspian Sea (underground nuclear explosions), at Racha in the Western Caucasus, and in the Gulf of Aqaba (shallow earthquakes). The two cluster-analysis methodologies were applied to identical data for the Azgir cluster as well as independently compiled and only partly overlapping data for the Racha and Aqaba clusters. The IASPEI travel-time tables were used by both HDC and JHD, which both also used only first arriving P times.
As Figure 2 indicates, some minor systematic differences were noted in the size of the error ellipses. The differences can be attributed to the algorithmic differences between HDC and JHD in the weighting of input data and application of ellipticity and elevation corrections. Although these differences might be worthy of further investigation, they do not impact the independent use of the two methodologies for estimating station path corrections for clusters of well-located events with and without ground truth information. Figure 3 shows the empirical path corrections obtained from HDC (x-axis) and JHD (y-axis) analyses. In summary, the comparisons did not reveal any statistically significant differences in estimates, which were generally consistent within estimated uncertainties. The standard deviation of the differences in estimated path corrections ranged from 0.1 sec, for Azgir with identical data, to 0.35 sec, for Aqaba and Racha with partly overlapping data.
Outlier Analysis
Outlier Rejection in Event Cluster Analysis For each cluster, the JHD algorithm was applied three times with a two-step outlier rejection procedure between runs. Prior to the first JHD run, arrivals with residuals larger than 15 sec in the ISC and NEIC bulletins were removed. After the initial JHD run arrival rejection was, in a first step, based on distance-dependent cut-off values ranging from about 1.5 sec to 4 sec (the largest cut-off limit for arrivals around 15Њ). A standard kurtosis test (at 1% level) was applied on a station-by-station basis as a second outlier rejection step; arrivals failing the kurtosis test but with residuals less than 1 sec were, however, retained. Stations for which more than one-third of the arrivals were rejected in the two steps were omitted entirely from the subsequent processing.
The JHD was then run with the groomed data and the twostep outlier rejection was applied once again. On average, about 5% of the original arrivals were rejected in this multistep outlier rejection procedure. A third and final JHD run completed the analysis.
HDC analysis is also useful in grooming the arrival-time data to identify and remove outliers much more precisely than is possible in single-event location. This is possible because HDC analysis estimates the average path anomaly for each seismic station that observes more than one of the events in the cluster. The residuals from this path anomaly are dominated by reading errors. Very large cluster residuals can be rejected as spurious readings, even if their absolute travel-time residual is small. Removing outliers in this way improves the resolution of relative locations and reduces the size of confidence ellipses.
In the HDC method reading uncertainties for each station are estimated directly from the residuals of that station in the cluster being analyzed. In general this uncertainty is smaller than the standard assumptions used in single-event location work, because in the HDC analysis we have removed the contribution of correlated travel-time errors. As a result, confidence ellipses are smaller and our confidence in the statistical validity of the results is raised. For the purposes of generating new promoted ground truth events from HDC analysis, however, this convenient approximation is not appropriate, and it is necessary to be able to combine these two aspects of location uncertainty to arrive at a single measure of uncertainty for an event that has been localized by HDC. In the clusters we have so far examined for ground truth event-validation purposes, the semi-axes of the hypocentroid's 90% confidence ellipse are usually 1-3 km in length. This is not insignificant at GT5 levels of accuracy or even at GT10. In future, as part of a general program to tighten up the statistical underpinnings of HDC for validation work, this issue must be addressed. Hence, the confidence ellipses estimated by either the JHD or HDC methods reflect almost entirely the reading error, as the model error is absorbed in the station path anomalies. As a result, the size of the estimated 90% confidence ellipse estimated by either method is an accurate representation of uncertainties in relative locations due to reading errors.
Analysis of Bulletin Information
Several studies (e.g., Waldhauser and Ellsworth, 2000; Fisk, 2002) have shown that waveform correlation techniques can significantly increase the internal consistency and accuracy of phase picks of similar ray paths. Waveform correlation can also easily identify outliers. However, given the size of the region of interest, the collection and analysis of waveforms would have been a gargantuan task clearly exceeding the resources and scope of the consortium project. Therefore we resorted to the analysis of available bulletin data.
In order to detect possible phase misidentifications, clock errors, and other outliers in the bulletins, we performed an analysis of time residuals with respect to IASPEI predictions. Figure 4a illustrates the effect of phase-identification errors on predicted travel-time residuals. The regions indicated by the ovals are possible phase misidentifications in the near and far regional Pn distance ranges. These arrivals are considered outliers, and if individual inspection of data warrants, they are removed from the data set as shown in Figure 4b . Similar analysis is carried out for other phases.
Variogram analysis of arrival data is another powerful technique to identify outliers and clock errors. A variogram summarizes the relationship between differences in pairs of measurements and the distance of the corresponding points from each other (Isaaks and Srivastava, 1989) , and is routinely used in geostatistical applications, such as kriging of travel-time surfaces (Myers and Schultz, 2000b) . Figure 5a shows the variogram of IASPEI-predicted Pn travel-time residuals. Note the unexpected increase in predicted traveltime residual differences at very closely located stations. This is due to scatter in picks at colocated stations. Data from some stations are processed by multiple agencies and reported under different station codes (e.g., the PIDC reported GERES, while Bochum University reports GEC2). When various bulletins are fused into one, this problem becomes profound. To remedy the problem, we vet the merged bulletin in a way that it will contain only one pick for a given phase by taking the average arrival time from the co-located stations, assigning it to the most frequently reporting station code, and removing the other picks. Inspection of variograms also reveals stations that are consistently out of "sync" with nearby stations. These stations produce most of the points outside the 3-sigma range on the variogram and most likely suffer from clock or phase-identification errors, and are therefore flagged as outliers. The variogram after the removal of the outliers is shown in Figure 5b .
As Figures 4b and 5b indicate, the remaining scatter in predicted residuals after the removal of outliers is still fairly large. We removed only those arrivals that were unquestionable outliers according to both the IASPEI and CUB (J362 in the teleseismic case) model predictions in order to avoid creating self-fulfilling prophecies in favor of a particular model.
The outlier analysis described previously resulted in removing some 1% of the arrival data from the Group 2 Consortium Reference Event List. However, outliers contaminated 767 events, some 40% of the reference events in the database. Therefore, outlier analysis is extremely important.
Reference Event List
The final Group 2 Consortium Reference Event List consists of 1963 GT0-10 events, of which 1852 events have arrival data. The 3-year consortium effort resulted in a more than twofold increase of quality-controlled ground truth events in the region. Every event in the list was vetted and is documented by metadata. ( E The Group 2 Reference Event List is available online at the SSA Web site.)
The locations of the ground truth events and their distribution by source type and accuracy as well as the number of teleseismic P and regional phases are shown in Figure 6 . Figure 7 shows the regional ray coverage provided by some 50,000 Pn phases. Despite the focused search for candidate GT events, Africa and the Middle East remain poorly covered with reference events, primarily due to the lack of dense local networks. To identify GT5 candidates in the Middle East and Africa we could rely only on temporary networks deployed to study aftershock sequences.
Although nuclear and chemical explosions dominate reference events in northern Eurasia, there are hardly any explosions south of latitude 40Њ. Tectonic regions are almost exclusively represented by GT5-10 earthquakes. Because explosions typically fall into the GT0-2 categories (with some exceptions for the Peaceful Nuclear Explosions) measuring improvements due to location calibration should be relatively straightforward in Northern Eurasia, while in the south demonstrating improvements is expected to be a more difficult task owing to the more complicated velocity structures in tectonic regions and the somewhat lower accuracy of available GT information. Oceanic seismicity is represented by a few dozen mid-ocean ridge and transform fault events of at best GT10 accuracy, which provides insufficient statistical power to validate travel-time predictions for oceanic paths.
Documentation of ground truth information is critical to understanding the provenance of GT data. We made a considerable effort to collect and maintain information that documents the sources of location (origin) and arrival data. In the Group 2 Reference Event List every single event is documented with metadata. Table 1 summarizes the sources of information for the events in the Reference Event List. Below we present examples to illustrate our methodological approach in collecting high-quality ground truth events. Since we feel important to highlight the limitations of using bulletin data in identifying ground truth events, examples are given for cases when candidate ground truth events could not be verified.
Existing GT Data prior to the Consortium Effort One of our major sources for ground truth events was the Center for Monitoring Research (CMR). We obtained two data sets of GT0-GT5 reference events in our region of interest from the CMR databases (Bondár et al., 2001) . The first set consisted of confirmed or presumed nuclear explosions carried out in the region by the former USSR, France, China, India, and Pakistan between 1955 and 1998 from the CMR Nuclear Explosion Database (Yang et al., 2004) . Arrival data for the nuclear explosions since 1964 were extracted from the ISC/EHB bulletins (Engdahl et al., 1998) .
The second set included documented chemical explosions, mining events, and other events collected in the CMR Ground Truth Database (Yang et al., 2000a) . These events are located mostly in Fennoscandia and were used in previous location calibration studies . We selected only those events that are large enough to be recorded at regional distances and well documented with metadata. Reviewed Event Bulletin (REB; www.cmr.gov) arrival data for events in the CMR Ground Truth Database were complemented with arrivals from the CMR Reference Event Database (Yang et al., 2000b) which includes well-recorded events with special emphasis on local and regional seismic network bulletins of various National Data Centers (NDCs) provided to the Prototype International Data Center during the Group of Scientific Experts Technical Test 3.
The Lawrence Livermore National Laboratory (LLNL) made available a set of location and arrival data from the LLNL collection of ground truth events. The combined location and arrival data of GT0-5 events obtained from the CMR and LLNL databases constituted the Consortium's initial Reference Event List of some 850 events.
Local Networks and Bulletins
Unfortunately, no institutional framework exists to routinely identify and collect reference events or to encourage local, regional, and national networks in doing this. While networks in Europe normally follow an open-access policy and report to international data centers, many networks in the Middle East and Africa do not regularly report to international data centers, and only a few share data with neighboring countries. During the past decade the RELEMR (Reducing Earthquake Losses in the Eastern Mediterranean Regions) project, cofunded by the UNESCO (United Nations Educational, Scientific and Cultural Organization) and the USGS (U.S. Geological Survey), spent considerable effort on promoting data exchange between countries in the Mediterranean through the Joint Seismic Observation Period (JSOP) projects coordinated by EMSC (European-Mediterranean Seismological Centre). However, only a few networks contributed regularly to the JSOP project. There are only a few local networks in the Middle East and Africa that are dense enough to locate events with sufficient azimuthal coverage. Thus, data exchange between networks in the region is essential to obtain more accurate locations and to identify GT candidates. The organizers of the annual RELEMR meetings also gave us the opportunity to present our research objectives and results to the participants.
We realized that personal contacts and correspondence are more likely to succeed in obtaining arrival data than official inquiries at institutional levels. Consortium members have devoted a considerable amount of time to establish per- sonal contacts at meetings and by e-mail inquiries with researchers in the Group 2 region of interest. Waveforms at some future IMS stations are not regularly analyzed. The Geophysical Institute of Israel made an effort to collect waveforms from these stations or their surrogates and pick arrivals for events in the Reference Event List: AAE, Ethiopia; ATD, Djibouti; IDI, Greece; KEG, Egypt; MDT, Morocco; RAYN, Saudi Arabia; and EIL and MRNI, Israel.
Multimax obtained bulletins of the Minagish, Kuwait, aftershock sequence (Bou-Rabee, 2000) from the Kuwait National Seismic Network. The local bulletins were complemented with ISC readings. Additional arrivals were picked from station RAYN, Saudi Arabia, waveforms. As the 18 September 1997 main shock was the only event in Kuwait ever recorded instrumentally at regional distances, we were not able to perform a cluster analysis. Since the event almost satisfied our GT5 criteria, we accepted it as GT10.
We obtained local bulletins in Morocco between 1992 and 1999 via personal communication with researchers at the Université Mohamed V, Dept. de Physique du Globe (DPG), and at the Centre National Coordination et de Planification de la Recherche Scientifique et Technique (CNRM). Both centers operate seismic networks in Morocco of about 14 and 24 stations, respectively. We selected the 12 best reference event candidates for local network relocation by merging arrivals from the local networks and ISC or EHB bulletins. Four events passed our GT5 selection criteria, and were validated by HDC analysis.
The Geology Department of the University of Nairobi provided us local bulletins from the 15-station temporary deployment around Lake Magadi, Kenya. The locations of the swarm events occurred during the lifetime of the network were refined using local tomography (Ibs-von Seht et al., 2001) . Of the 12 best-recorded events only 2 met the GT5 selection criteria. Although we set out to specifically look for arrivals for these events in the waveforms of stations at regional distances from the Kenya Rift (e.g., KMBO, ATD, BGCA, FURI, RAYN, AAE) we could not detect any arrivals.
Using data from a temporary deployment to study the Bhuj aftershock sequence (Bodin et al., 2001 ), HDC analysis gave very consistent results with the local network locations. The Bhuj sequence produced 79 reference events altogether. Similarly, HDC analysis of the Chamoli sequence provided Racha, Georgia Fuenzalida et al., 1997b; Engdahl and Bergman, 2001; Engdahl et al., 2002 HDC, GII 5 (30) 5-7
Spitak, Armenia Dorbath et al., 1992; Engdahl and Bergman, 2001; Engdahl et al., 2002 HDC, GII 2 (9) 10
Tabas, Iran Berberian, 1982; Engdahl and Bergman, 2001; Engdahl et al., 2002 HDC, LLNL 2 (31) 10 *EHB: Engdahl et al., 1998 as well as single earthquakes were assigned a GT level based on the criteria of Bondár et al. (2003) .
very consistent results with the local network solutions of a temporary deployment (Saikia et al., 2001 ) and generated 66 more GT7 events. Although the Spitak, Armenia, aftershocks of the December 1988 main shock (Dorbath et al., 1992) represent an event cluster that is very well recorded at regional and teleseismic distances, the relative locations from the HDC analysis were inconsistent with the local network locations. Therefore we could only accept the two candidate Spitak reference events as only GT10. Nine promoted events were identified by the HDC analysis and also assigned to the GT10 category.
A temporary network was used to study a massive swarm in Jiashi beginning in 1997 (Xu, 2000) . Only one event was well located by the local network, and this event was used as a master event to locate the remaining events. However, when performing HDC analysis, we found that the master event solutions are inconsistent with the relative location pattern obtained from HDC. We also found a large, ϳ3-sec origin-time discrepancy between the local network and the HDC solution for the reference event. Therefore we could not validate the event as GT5, but accepted it (along with a further 67 events) as GT10.
We obtained the local bulletins of the Hurghada Seismological Network (Hurukawa et al., 2001) , jointly operated by the International Institute of Seismology and Earthquake Engineering (IISEE; Japan) and the National Research Institute of Astronomy and Geophysics (NRIAG; Egypt) in the Southern Gulf of Suez. Although none of the events satisfied our GT5 criteria, HDC analysis confirmed that the best candidate event on 17 December 1996 could be accepted as GT10. HDC analysis has also produced further 25 GT10 events, mostly from the 1969 Shadwan aftershock sequence.
Calibration Shots and Refraction Profiles The Geophysical Institute of Israel made an effort to collect all available station readings for the Dead Sea calibration explosions (Gitterman and Shapira, 2001 ). This included arrival data from the networks in Cyprus, Jordan, and Turkey. During the RELEMR meeting in 2001, we were provided with digital waveforms of the Dead Sea shots from the Saudi National Seismic Network.
Large shots from long refraction profiles may provide invaluable GT0 events. An effort was made to canvass the region for well-recorded explosions. Unfortunately, publications describing the seismic experiments often do not list the exact locations and origin times of the shots.
We obtained GT0 information via personal correspondence on the European Geotraverse (1983-1986) Northern and Southern segments; the CELEBRATION2000 shots in Central Europe; the Saudi Arabia refraction profile carried out in 1978; the VRANCEA99 experiment, Romania; the EUROBRIDGE95 shots in Eastern Europe, as well as on refraction profiles near the Spitsbergen islands. The ISC, PDE, and EHB bulletins were searched for arrival data.
Unfortunately, most of the shots were too small to be recorded beyond local distances, and in the case of the older profiles, even if the shots were sizeable (such as the shots in the Red Sea and offshore Tunisia) they were poorly recorded due to the lack of regional station coverage. However, we included the most recent GT0 shots carried out in Europe (EUROBRIDGE95, POLONAISE97, VRANCEA99, and CELEBRATION2000) in the Reference Event List as they may be valuable sources for the location calibration of local networks in the region.
Mid-Ocean Ridge and Transform Fault Events Pan et al. (2000) devised a method to identify ground truth event candidates at mid-oceanic ridges and transform faults. Depending on the source mechanism from Harvard Centroid Moment Tensor (CMT) solutions events are identified as transform fault (strike-slip) and ridge (normal fault) events, and associated with the closest corresponding feature (with the correct strike) in bathymetry maps. The events are then relocated with the constraint that they must occur along the associated ridge or transform fault. Finally, event clusters are built around these master events, and a JHD analysis is carried out to improve locations of smaller events that do not have CMT solutions. The technique was successfully applied on the Mid-Atlantic ridge, the Carlsberg ridge, and in the Gulf of Aden. However, because of the resolution of the bathymetry maps, and the occasional violation of the assumption that events occur on faults and ridges, the method can produce no better than GT10 candidates, and most of them were accepted as only GT15 events. An HDC analysis of the Gulf of Aden events validated 5 candidate events as GT10, and promoted a further 50 events to GT10 status. GT5 Selection from the EHB Bulletin Myers and Schultz (2001) assessed the location accuracies of events in the EHB bulletin as GT15 at the 95% confidence level (excluding subduction zone events) for events with azimuthal gap less than 90Њ. Therefore the EHB bulletin serves as a good starting point for identifying candidate GT5 events.
Multimax performed local network relocations of 596 EHB GT5 candidate events covering 40 geographic regions in the consortium's area of interest . Events were chosen from a prioritized list of over 6000 potential reference event candidates on the basis of geographic distribution, magnitude, number of stations and azimuthal coverage. In general, we tried to achieve uniform geographic coverage by selecting the largest, best-recorded events with depths less than 40 km. In the relocations we used only stations within 300 km from the epicenter thus simulating local network solutions, albeit we used the IAS-PEI travel times for lack of local velocity models.
Relocations were carried out uniformly using first arriving P phases only, as well as using secondary phases in order to identify possible phase misidentifications. In the latter case we used Pn, Pb, Pg, Sn, Sb, Sg, and Lg phases recorded at over 700 stations. In the review process, most phase types remained unchanged, but many were renamed for consis-tency with epicentral distance or if the time residual indicated that a change may improve the hypocentral location. For example, at very close distances, Pn or Pb phases were often changed to Pg.
Finally, from the set of the relocations using first arriving P phases only, we accepted the events that satisfied our GT5 selection criteria. This resulted in 432 GT5 events from the EHB bulletin.
Merged Data Sets
Our objective was to create a comprehensive bulletin for each individual event in the Reference Event List. Merging bulletins of local, regional, and teleseismic networks have several advantages, but in doing so one has to be aware of some possible pitfalls. Running the GT5 selection criteria on bulletins of dense local networks or temporary deployments identified most of the candidate GT5 events. These bulletins typically do not contain stations from regional and teleseismic distances. To facilitate event cluster analysis, which uses regional and teleseismic data to validate GT5 candidates, we searched global bulletins, such as the ISC, EHB, and REB, to add arrival data from stations beyond the local distance range. We disregarded events that were not recorded at regional distances.
Some local networks do not report to international agencies; therefore, the station codes used by the network operators may be in conflict with registered station codes at the NEIC. To resolve this conflict we assigned unique station codes to those stations that reused already registered codes. For registered stations, possible conflicts between station coordinates maintained by the NEIC and those reported by the local networks were resolved by personal communications with the network operators.
Often various agencies operate networks in the same region. A typical example is the Caucasus region, where at least eight different local networks coexist. As a study, performed by consortium member Western Services in cooperation with the Geophysical Survey of the Russian Academy of Sciences Gabsatarova et al., 2002) , pointed out, none of these local networks could meet the GT5 selection criteria, but combining the various bulletins made it possible to identify GT5 events.
Another example for merging arrival data is the Peaceful Nuclear Explosions (PNEs) conducted by the former USSR. We used several data sources for the PNE data. The first data set was from the Institute for the Dynamics of the Geospheres (IDG); these readings were obtained and made available by consortium member Harvard University. It consisted of 2665 phases from 168 stations for 83 PNEs, with epicentral distances from 1.6 to 150Њ. The second data source was the EHB bulletin with arrivals from 72 PNEs recorded at 1046 stations. The IDG and EHB readings were merged with quality-controlled BRVK (Borovoye, Russia) readings from the Lamont-Doherty Earth Observatory (Kim et al., 2001) . The combined data set included 14,515 P and S arrivals from 1208 stations for 83 PNEs. Murphy et al. (2002) made available quality-controlled Pn arrivals for 72 PNEs, with 814 Pn arrivals from 73 former USSR stations with epicentral distances between 1.5 and 22Њ. They consistently reviewed and removed outliers from this data set. We combined the PNE data sets with priority given to the Murphy et al. (2002) picks, followed by the Kim et al. (2001) readings, and the Harvard data set. The final merged PNE bulletins represent the most comprehensive PNE bulletins to date.
Summary and Discussion
The seismic velocity models that motivated this effort will ultimately be replaced by better models, but this testing and validation data set will help develop and/or test future models. Multiple-event location techniques, such as JHD and HDC analyses, were not only employed to validate candidate GT5 events, but also to provide empirical station path corrections relative to the IASPEI travel-time tables, together with their corresponding uncertainties. The empirical path corrections are derived from a number of observations along repeated ray paths between a station and the cluster centroid, thus representing travel-time bias due to lateral heterogeneities along the ray path unaccounted for by the underlying velocity model. Three-dimensional model predictions should correlate well with the empirical path corrections. Path corrections have proven to be an invaluable asset to validate models (Ritzwoller et al., 2003) . Bergman and Engdahl (2001) give a detailed discussion on the event clusters processed by CUB using the HDC approach. Figure 8 shows the ray coverage provided by empirical path corrections in the regional distance range, obtained from JHD and HDC analyses of event clusters. JHD clusters are located in the Mediterranean and Europe, and HDC clusters are mostly located in the Middle East and Asia. HDC analysis was also performed for events at known test sites, such as Balapan, Degelen, Lop Nor, Novaya Zemlya, and the historical French test site in Algeria, in order to obtain empirical path corrections. Note that many of the JHD clusters are constrained by only GT25 events. These JHD clusters were specifically formed to generate path corrections in the Mediterranean. Although the location accuracy of the centroid is somewhat poorer quality, the pattern of path corrections can still be relevant in validating model predictions. Figure 9 shows the distribution of path corrections and their standard deviations as a function of epicentral distance. Although the corrections are not brought to a common origin time baseline, the trend indicated by the medians (solid lines) shows that path corrections approach zero-mean only beyond 40Њ epicentral distances. The median standard deviation steadily increases at regional distances, reaching the maximum around 18Њ, it then decreases and finally stabilizes at around 0.3 sec (the typical reading error for WWSSN seismograms) at teleseismic distances. Since path corrections represent the path effects due to lateral heterogeneities, the median standard deviation curve can be considered as a general approximation of the combined model and measurement (picking) errors.
The Group 2 Consortium reference event data collection effort demonstrated the power of a focused team approach to collecting data from a wide variety of sources, developing and performing quality control, and merging the data into a test and validation database. The effort was motivated by the need for well-recorded GT5 or better events distributed over a wide area to verify that calibrated travel times do indeed decrease mislocation and reduce uncertainty. In the course of the 3-year effort, consortium members and associated colleagues have developed new criteria for selecting candidate GT events from local, regional, and teleseismic bulletins, and they have demonstrated that some criteria previously used for these purposes were probably inadequate (Bondár et al. 2003) to ensure high confidence of a GTX origin. Cluster analysis (both JHD and HDC) was used in new novel ways to both test and validate candidate GT5 or better events, to promote new GT7 or better events, and to reject both origin and arrival outliers from the database.
The provenance of each origin is documented in the database along with the criteria stated for their selection. Reference events are most useful if they are well recorded at regional and teleseismic distances. Many networks do not report arrivals or may fail to measure arrivals from earthquakes outside their networks. For example, explosions in the Mediterranean as part of the European Geotraverse were not systematically read at regional distances. Also, some stations are not closely affiliated with local networks and therefore are not systematically read for regional or teleseismic arrivals. In order to provide regional phases from GT events, adjoining network bulletins were collected and fused or waveforms were recovered from selected stations. Despite these efforts, many candidate reference events failed to achieve GT5 status, or regional arrivals could not be detected to make them useful for testing and validation efforts. On paper several countries are operating extensive networks. Unfortunately, several networks have suffered from lack of maintenance or political strife, and some countries are just beginning to recover from a hiatus in seismological monitoring. In some Mediterranean countries, seismic phase data is considered a military secret. Political unrest in the region has shut down at least one network that on paper should have had sufficiently dense coverage and seismicity to produce valuable GT5 events. Seismology has always relied on international cooperation. Efforts such as the RELEMR conferences have been an important conduit for establishing the all-important personal relationships between seismologists that make data exchange possible.
Several times, seemingly precise origins (location and time) from local networks were found to be inconsistent with either other local networks or with precise relative locations derived from cluster analysis of regional and teleseismic data. These events were either rejected or downgraded. The high confidence required for reference events requires that additional tests must be applied to ensure accurate locations. Quality-control procedures revealed that origin times for some mining explosion data sets were reported to the incorrect minute. Merging data sets is time consuming and requires patience and attention to detail. Many networks duplicate station names. The same arrivals are sometimes duplicated with different station names. Arrivals may be read and reported at the same station by multiple agencies and reported using either the same or a different station name. Phase association and naming (Pn versus P, Pg versus Pn, etc.) strongly depends upon the underlying set of travel-time tables used by the analyst. Observers use inconsistent nomenclature for P and Pn from 10 to 20Њ and for P, P*, Pb, Pg, Sg, Sn, and Lg at shorter distances. Although many institutions still use the Jeffreys-Bullen (JB) travel times, they do not publish their travel-time tables with their bulletins. While travel-time perturbations are second order for small changes in models, distances of triplications and crossover distances are not second order.
In our searches of the literature, we examined several studies of aftershock sequences. Most recent studies failed to tabulate the best aftershock locations, and few if any relocated the main-shock or even large aftershocks based on corrections derived from close-in aftershock sequences. These are important fundamental data and need to be tabulated. Furthermore, these valuable data need to be collected in larger data repositories.
Unfortunately, the seismological community lacks a proactive institutional solution for the systematic collection and categorization of quality GT locations. The International Seismological Centre and European-Mediterranean Seismological Centre are valuable repositories of multiple seismic locations, but they rely on voluntary submissions, and there are no accepted quality-control criteria to categorize the location accuracy of the locations at high confidence levels. The IASPEI Working Group on Reference Events (http://lemond.colorado.edu/ϳcopgte/) is soliciting such information and beginning to recommend guidelines for quality control and categorization methods. This work needs encouragement and broad dissemination. Just as the international geodetic community developed a global network of benchmarks and observatories to measure the shape of the Earth, seismologists need to develop a global network of well-recorded benchmark reference events. Collection of reference event and GT data requires a higher level of recognition in the seismological community and a broader understanding that this very basic data make fundamental contributions to our science. tion readings, and helped to establish personal correspondence with researchers in the region. Without their voluntary contributions, this work could not have been succeeded.
